Bed-by-bed correlation of sheet-like turbidite sandstone beds reveals variations in stacking patterns of beds and bed-sets in a 20-45 m-thick sheet-like turbidite package within the Miocene-Pliocene submarine-fan succession of the Kiyosumi Formation, Boso Peninsula, central Japan. Migration distance of the thickness-weighted depocenter (TWD) of each sheet-like turbidite sandstone bed relative to its underlying bed show increase-and-decrease cycles. This is interpreted to document the repetition of infilling and flattening out of topographic lows, and the development of younger lows as a result of stacking of sheet-like turbidite sandstone beds with convex-up geometry in a submarine-fan system. Furthermore, the sequential changes of bed stacking permit subdivision of the studied package into five bed-sets. The bed-set stacking shows migration distance of TWD smaller than those of component beds and represents less variable distribution in the stacking processes.
Introduction
Stacking patterns of elements within submarine-fan successions such as channel-and lobe-deposits control the geometry and distribution of turbidites. Recently, analyses of stacking patterns of turbidites in submarine-fan environments have been conducted and suggested that the geometry and distribution of deposits formed by preceding sediments influence the locations of overlying deposits (e.g., Straub et al., 2009) . In contrast, evaluation of stacking patterns of sheet-like turbidites, which are one of the important components of lobes and form widely correlative sedimentary packages (Mutti and Normark, 1991) , has been limited. Unraveling the stacking patterns of sheet-like turbidite sandstone beds is crucial to understand formative processes of sheet-like turbidites and to estimate volume and interconnectivity of widespread sands and sandstones in a submarine-fan environment.
A package of sheet-like turbidite of 20-45 m-thick has been identified in a interval between key-tuff beds named Ky16-Ky21 (Nakajima et al., 1981) in the middle part of a submarine-fan succession of the Miocene-Pliocene Kiyosumi Formation, Boso Peninsula, central Japan (Tokuhashi, 1976a, b) (Fig. 1 ). This package is suitable for examining a three-dimensional geometry of sheet-like turbidite sandstone beds, because: (1) one pair of anticlinal and synclinal structures in the central part of the Boso Peninsula permits threedimensional geometrical analyses of sandstone beds (Fig. 1) ; (2) this interval is the thickest in sheet-like turbidite sandstone packages in the Kiyosumi Formation (Tokuhashi, 1976a, b; Saito and Ito, 2002) ; and (3) a number of key-tuff beds are intercalated in this package and can provide a framework for the high-resolution bed-by-bed correlation (Nakajima et al., 1981) . On the basis of mapping of several key-tuff beds, we conducted three-dimensional bed-by-bed correlation of sheet-like turbidite sandstone beds within the package, and evaluated spatial and temporal variations in stacking patterns of sheet-like turbidite sandstone beds and bed-sets within this package.
Geological setting
The Kiyosumi Formation represents the upper part of a stratigraphic succession formed in the Miura forearc basin on the Boso Peninsula. The formation is as much as 850 m in thickness and consists of turbidite sandstones interbedded with hemipelagic mudstones (Tokuhashi, 1979) . The age of the formation is Late Miocene-Early Pliocene based on microfossil biostratigraphy, paleomagnetic stratigraphy, and the fission-track dating of some key-tuff beds (e.g., Sawada et al., 2009 ). Sheet-like turbidite sandstone beds in the studied package are characterised by very fine-to very coarsegrained sandstones and show normal grading, parallel laminations, and current-ripple cross-laminations. Several beds locally include volcaniclastic fragments such as pumice and scoria grains.
Methodology
Fifteen outcrop sections were logged in a 10×20 km area on the Boso Peninsula (Fig. 1) . For the analysis of geometry of the each sheet-like turbidite sandstone bed in the studied package, we measured thickness of turbidite, hemipelagite, and key-tuff beds in each section. All sections were compiled to construct stratigraphic cross-sections in down-flow and cross-flow transects, and bed-by-bed correlation of sheet-like turbidite sandstone bed was conducted based on the position of each bed relative to key-tuff beds. In addition, sheet-like turbidite sandstone beds, which contain pumice and scoria grains, were also used as additional keymarkers. Bed-by-bed correlation of sheet-like turbidite sandstone beds in the studied succession was first conducted by Tokuhashi (1976a, b) . However, his studies focused mainly on bed-by-bed correlation of thick sheet-like turbidite sandstone beds and did not try bed-by-bed correlation of thin beds (Tokuhashi, personal communication) .
The present-day distribution of the Kiyosumi Formation is shortened compared to the original distribution as a result of the development of anticlinal and synclinal structures in the central part of the Boso Peninsula (Fig. 1) . For the restoration of the original geometry of sheet-like turbidite sandstone beds in the formation, the original positions of the measured sections should be reconstructed by the correction of this tectonic shortening. Tokuhashi (1976a) estimated the degree of the tectonic shortening of up to 18% of the original stratal distribution based on the strike and dip data. We employed his estimation to reconstruct the original sea-floor topography in this study. Bed-by-bed correlation provides data of three-dimensional variation in thickness of turbidite sandstone beds. Bed thickness data are used to conduct the geostatistical method of the estimation of spatially weighted average (Wackernagel, 1998) and we determined the positions of the thickness-weighted depocenter (TWD) for each sheet-like turbidite sandstone bed and bed-set. TWD positions of bedsets are calculated based on the total thickness of component beds within each bed-set. Herein, positions of TWD represents distance from Locality 1 (Fig. 1 and Fig. 2) . A statistical computing software "R" (http: //www. R-project. org) was utilised for all calculations and illustrations of Fig.  2 and Fig. 3 . This study evaluates the migration distances of the positions of TWD, which is represented by distances of the positions of TWD of each bed and bed-set relative to its underlying bed and bed-set.
Results
We identified 83 individual sheet-like turbidite sandstone beds in the studied package of the Kiyosumi Formation based on the bed-by-bed correlation. Using the thickness data of each bed, positions of TWD were plotted ( Fig. 2A) . Migration distances of the positions of TWD of each bed relative to its underlying bed are 0.15-6.69 km (average 2.10 km). Figure 2B is the frequency distribution of the migration distances of the TWD positions, and shows a bimodal pattern, which can be divided at about 3 km. Figure  2C is the stratigraphic changes of the migration distances of the TWD positions of each bed and shows two major increase-and-decrease cycles from the base to the top of the studied sheet-like turbidite package. These patterns permit subdivision of the studied package into five bed-sets (labelled Bed-set 1 to Bed-set 5 in ascending order). Each bedset consists of 10-20 beds (Fig. 2C) , following the boundary value of about 3 km in the bimodal frequency distribution of the TWD migration distances of each bed in Figure  2B . Figure 2D shows the plots of TWD positions of each bed-set. The migration distances of the TWD positions in bed-sets relative to its underlying bed-set are 0.55-0.83 (average 0.68 km) (Fig. 2E) and are shorter compared with those of component beds.
Discussion
The examination of migration patterns in positions of the TWDs of sheet-like turbidite sandstone beds and bed-sets in the studied sheet-like turbidite package of the Kiyosumi Formation suggests the spatial and temporal changes of stacking patterns of beds and bed-sets (Fig. 2C) . Figure 3 is the box and whisker plots of the migration distance of TWD of beds and bed-sets. Smaller values of the migration distances of TWDs of bed-sets represent that the bed-sets show less variable distribution in stacking processes within the studied sheet-like turbidite package.
The repetitive increase-and-decrease cycles of the migration distance of TWDs of component beds within bedsets from the base to the top of the studied package (Fig. 2C) is interpreted to respond to (1) infilling and flattening out of topographic lows in the submarine-fan system and (2) subsequent development of new topographic lows as a response to deposition of convex-up sheet-like turbidite sand bodies on the flattened sea-floor. The former process may represent restricted distribution of sheet-like turbidite sandstone beds and have controlled shorter migration distances of the positions of TWD of beds. In contrast, as a response to the flatten out of the topographic lows within the submarine-fan system, the distribution of sheet-like turbidite sands show more diverse patterns in stacking processes and is characterised by the migration distances of TWD more variable than those of the beds formed in the former processes. Because it is known that the distribution of turbidite sandstone beds shows convex-up geometry (Tokuhashi, 1979) , the latter stacking of sheet-like turbidite sandstone beds may have resulted in the development of the younger topographic lows within the submarine-fan system of the Kiyosumi Formation.
Conclusions
The bed-by-bed correlation of sheet-like turbidite sandstone beds suggests that stacking patterns of beds and bedsets show spatial and temporal variations in the studied succession of the Kiyosumi Formation, on the basis of the examination of sequential changes in migration patterns of the TWD. In particular: (1) Bed stacking patterns show two major cycles of increase-and-decrease of the migration distances of the TWD and are interpreted to (a) infilling and flattening out of topographic lows in a submarine-fan system and (b) subsequent development of new topographic lows as a response to deposition of sheet-like turbidites with convexup geometry; and (2) Bed-set stacking patterns show shorter migration of the TWD than those of the component bed stacking patterns and represent less variable distribution in the stacking processes. 
